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A B S T R A C T
An aging scheme for black carbon (BC) aerosol was implemented into a regional air-quality forecast model to study
the impact of BC aging on air quality predictions. Three different assumptions for the mixing state of BC—external
mixture, internal mixture and gradual aging—were used to simulate the distribution of BC particles over North America
in April 2002. Cloud –condensation nuclei number and BC wet deposition rate increased significantly and BC mass
column loading decreased as a result of BC aging. With the gradual aging process incorporated into the model, the
comparison of ground level BC concentration predictions with surface observations was slightly improved. Estimation
of the average direct radiative forcing of BC over the spatial domain of this study showed that the factor of direct forcing
enhancement by BC aging was much smaller than the mixing state effect factor. The effect of increased wet deposition
due to aging compensated partially for the effect of increased absorbance suggesting that the change in the hygroscopic
properties of BC due to aging must be taken into account to quantify accurately the effect of BC aging on climate.

1. Introduction

Black carbon (BC) refers to a strongly light-absorbing carbona-
ceous atmospheric aerosol component (Bond and Bergstrom,
2006). BC is one of the chemical components causing the large
uncertainty in recent estimates of the climate impact of aerosol
particles (IPCC, 2007). BC absorbs visible sunlight and heats the
atmosphere (Ech et al., 1998; Satheesh and Ramanathan, 2000),
whereas light-scattering components such as sulphate cools the
earth–atmosphere system. One can refer to Ramanathan and
Carmichael (2008) for a detailed review on the climate effect
of atmospheric BC. The climate impact of BC depends on the
optical properties and hygroscopicity of BC-containing aerosol
particles, which are determined in part by their state of mixing
with other particle species. According to computations based on
Mie theory, an internally mixed aerosol exerts much stronger
absorbance than an externally mixed one with the same size,
shape and chemical composition (Ackerman and Toon, 1981;
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Martins et al., 1998; Haywood and Boucher, 2000; Jacobson,
2001; Lesins et al., 2002).

Aging is the process that transforms hydrophobic, externally
mixed BC particles into hygroscopic, internally mixed ones. Ag-
ing of BC particles takes place through interactions with other
aerosol species: for example, condensation of sulphuric acid
vapour onto the surface of BC particles, coagulation with solu-
ble aerosol particles and heterogeneous oxidation occurring at
the BC particle surface. Aging of BC particles not only affects
climate through radiative effects but also influences air quality
(AQ) because the increase in hygroscopicity results in an in-
crease in the wet deposition rate and, consequently, a decrease
in the lifetime of BC-containing particles, which are known to
be carcinogenic (Dasenbrock et al., 1996). Therefore, informa-
tion concerning the fate of BC aerosol particles from emission
through transport and aging to removal is needed to assess quan-
titatively the impacts of BC on both climate and AQ.

Although the impact of aging and hence the mixing state of
BC aerosol particles on climate has already been intensively in-
vestigated (Ackerman et al., 2000; Jacobson, 2000; Jacobson,
2001; Menon et al., 2002; Liu et al., 2005), there are relatively
few studies in the literature on their influence on regional AQ.
Croft et al. (2005) used a global climate model to simulate the
impact of aging on removal rate and lifetime of BC aerosol
particles. Due to computational limitations, however, they used
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EFFECTS OF BLACK CARBON AGING ON AIR 1027

a parameterization for the aging process instead of direct sim-
ulation. Zaveri et al. (2009) investigated the effects of mixing
state assumptions on optical and CCN properties in an on-line re-
gional forecast model and aerosol modules developed by Riemer
et al. (2009), noting that mean optical properties of the aerosol
were still sensitive to the mixing state after 2 days of aging, but
that the sensitivity decreases with time. Riemer et al. (2010) also
used the aerosol model of Riemer et al. (2009) to estimate the
aging time scales of BC contained in an urban plume. Vogel et al.
(2009) used the COSMO-ART with a modal structure designed
to resolve the mixing state of BC to examine the impact of the
aerosols on clouds and radiative properties within the COSMO
weather forecast model, finding surface temperature changes in
the 0.1–0.3 ◦C range, and a significant change in the precipita-
tion pattern. Oshima et al. (2009) used a new two-dimensional
aerosol representation following the method of Jacobson (2001),
in which aerosol population was given for particle size and BC
mass fraction, to resolve the mixing state of BC particles. This
aerosol module was incorporated into a box model to simulate
the aging of BC particles within a polluted plume. Jacobson
(1997) and Jacobson et al. (2007) accounted for the aging of
BC in simulating the aerosol effect on regional AQ and climate
in southern California region. In those studies, however, sensi-
tivity test to isolate the effect of BC aging was not performed:
comparison between the simulations with and without aging
process taken into account was not carried out. Vignati et al.
(2010) compared two different BC aging schemes employed in
a global chemical transport model (CTM): a simple approach
considering only total BC mass with a constant wet removal rate
and a microphysical aging scheme based on aerosol dynamics.
They showed that the simple approach can lead to entirely wrong
estimates on BC concentration over remote areas.

In this study, Environment Canada’s (EC) regional AQ model
AURAMS (A Unified Regional Air-quality Modelling System),
was modified so that BC aging could be taken into account in its
aerosol dynamics module. The modified model was then used
to perform three simulations of the distribution of BC aerosol in
North America in April 2002. This paper reports the results of the
sensitivity analyses looking into how cloud condensation nuclei
(CCN) concentration, BC concentration and BC wet deposition
rate and lifetime are affected by BC particle aging. Based on
these results, the impact of BC aging on regional AQ and on
climate are then discussed.

2. Model description, configuration and aging
parameterization

An off-line, size- and composition-resolved atmospheric
particulate-matter (PM) modelling system, AURAMS, which
consists of the AURAMS CTM and its accompanying meteoro-
logical driver, Global Environmental Multiscale model (GEM),
was used in this study to simulate the physics and dynamics of
BC aerosol particles, including emission, transport and diffusion,

Fig. 1. The AURAMS CTM domain with (a) average horizontal wind
field (m s−1) 1 km above ground level during the April 2002 simulation
period and (b) locations of the 130 IMPROVE (blue) and 147 STN
(red) speciated PM2.5 measurement stations. Wind barbs are plotted
every second degree longitude and latitude.

coagulation, condensation, aging, hygroscopic growth, wet and
dry removal and aerosol activation. The regional configuration
of GEM version 3.2.0 used for this study employed a horizontal
grid size of 0.22◦ (∼24 km) on a rotated latitude–longitude grid.
Meteorological fields required by the AURAMS CTM version
1.3.1 were stored at every CTM advection time step (900 s). The
grid selected in this study for the CTM was the 42-km 150 × 106
horizontal grid on a secant polar stereographic projection true
at 60◦N shown in Fig. 1. The 28 unevenly spaced vertical levels
ranged from the surface to 25 km above ground level (AGL),
with 14 levels located in the first 2 km.

A sectional approach was used to represent the PM size distri-
bution; the 12 size bins were logarithmically spaced and ranged
from 0.01 to 41 μm in particle diameter. The lower size limit
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of 10 nm may cause some error when homogeneous nucleation
is the major aerosol source. Nevertheless, this is not expected
to hinder the purpose of this study, simulating the effect of BC
particles, because the fresh BC particles are usually larger than
10 nm. Nine chemical components were considered to contribute
to total aerosol mass: sulphate; nitrate; ammonium; sea-salt; BC;
primary organic carbon; secondary organic carbon; crustal ma-
terial and particle-bound water, among which sulphate, nitrate,
ammonium and sea-salt were assumed to be soluble for the pur-
pose of BC aging due to coagulation. The partial solubility of
secondary organic carbon was not accounted for the simplic-
ity. Equilibrium between soluble species and aerosol water was
assumed based on the Kohler equation. Both in-cloud and below-
cloud scavengings are accounted for in wet deposition process.
In-cloud production of secondary aerosol species, for example,
sulphate, is also accounted for. Refer to Gong et al. (2006) for
detailed information on the representation of wet deposition in-
cluding cloud processing of gases and aerosols in AURAMS.
For dry deposition of gaseous and particulate species, one can
refer to Zhang et al. (2001) and (2002), respectively.

The condensation rate that defines the consumption rate of
two condensable gas-phase species (sulphuric acid vapour and
condensable organic gas) and the corresponding growth rate of
aerosol particles is calculated using a modified Fuchs-Sutugin
equation (Fuchs and Sutugin, 1971). To calculate the change
in particle size distribution due to coagulation, a semiimplicit
numerical solution is used (Jacobson et al., 1994). Zero-gradient
chemical lateral boundary conditions were applied for all gas
and particle species (Samaali et al., 2009). Refer to Park et al.
(2007) and the references therein for more detailed information
on GEM and the AURAMS CTM.

Emissions were obtained from the 2000 Canadian national cri-
teria air contaminant (CAC) emission inventory (http://www.ec.
gc.ca/inrp-npri) and the 2001 U.S. and 1999 Mexican national
CAC inventories (http://www.epa.gov/ttn/chief). Gridded hourly
emissions files were prepared using version 2.1 of SMOKE
(Sparse Matrix Operator Kernel Emissions Modelling System)
(see http://cf.unc.edu/cep/empd/products/smoke/index.cfm).
Due to their sporadic and intermittent nature, estimates of
wildfire and prescribed burning emissions from the annual
national inventories were not used because they could not be
gridded and time-stamped properly.

2.1. Parameterization of BC aging

In the current version of AURAMS, all of the PM chemical
components are assumed to be internally mixed in each size
section or bin. That is, no distinction is made between particles
that have just been emitted versus those that have been present
in the atmosphere for some time. All particles of the same size
that are contained in the same model grid cell are assumed to
have the same chemical composition, but chemical composition
can vary between different size bins in the same grid cell and

between the same size bins in adjacent grid cells. This model
version is referred to as INTMIX version, in which all BC is
aged, hereafter.

In order to evaluate the effect of the BC aging process, how-
ever, the treatment of particle mixing state had to be changed.
In one revised version of AURAMS employed in this study for
comparison purposes, newly emitted BC particles are assumed
to be externally mixed initially and to remain externally mixed
(that is, they were not allowed to participate in coagulation with
internally mixed particles, and were not used as seeds for con-
densation, in order to test the sensitivity of the system to the
mixing state). This model version is called the EXTMIX ver-
sion, in which BC is never aged. In a second revised version,
both the condensation of sulphuric acid vapour onto BC particles
and the coagulation of BC particles with pre-existing internally
mixed particles is assumed to ‘age’ these particles and convert
them to the internally mixed state. To embody this aging algo-
rithm, an extra set of 12 bins was added for the externally mixed
BC particles. This model version is called the AGING version,
in which some BC is aged and some is not, hereafter. Note that
aging by heterogeneous oxidation on particle surfaces is ne-
glected in this study because the contribution of heterogeneous
oxidation to BC aging is, in spite of its high uncertainty, ex-
pected to be much less significant than that of condensation and
coagulation (Saathoff et al., 2003; Croft et al., 2005). Note too
that only internally mixed particles are subject to hygroscopic
growth (particle ‘swelling’), so the corresponding equilibrium
wet radius is only calculated for them. The equilibrium-wet ra-
dius is used in turn in calculations of coagulation, dry deposition
and gravitational settling.

In the AGING version, it is assumed that an externally mixed
particle has aged long enough to become internally mixed when
it acquires a sufficient amount of soluble material to shift the
particle hygroscopicity from hydrophobic to hydrophilic. For
aging by condensation, a single-layer (i.e. one-molecule thick)
coating of the externally mixed particle by sulphate is used as
the criterion for completion of aging following the approach of
Vignati et al. (2004). There is some evidence that condensing
organic gases can have the same effect (Martins et al., 1998; Croft
et al., 2005) but this process has not been considered in this study.
Let xi be the mass fraction (i.e. mass mixing ratio) of externally
mixed BC particles in size section i, Qcond,i be the condensational
mass flow rate of sulphate onto a single externally mixed BC
particle in section i (kg s−1) and Si be the threshold mass of
sulphate required to coat that BC particle completely (kg). Then,
the rate of aging can be expressed by

1

xi

dxi

dt
= −Qcond,i

Si

. (1)

Qcond,i is calculated in AURAMS using a modified Fuchs-
Sutugin equation (Fuchs and Sutugin, 1971). Under the single-
layer aging assumption, a simple approximation for Si, as a
uniform spherical shell with the thickness of a single sulphate
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molecule, is expressed as

Si = πd2
p,idSO4ρSO4 , (2)

where dp,i is the particle diameter in section i, and dSO4 and
ρSO4 are the diameter of a sulphate molecule and the density of
particle sulphate, respectively. dSO4 can be related to ρSO4 by the
following equation expressing the equivalence of macroscopic
and microscopic expressions for the mass of a single sulphate
molecule:

ρSO4d
3
SO4

= MSO4

NA
, (3)

where MSO4 is the molecular mass of sulphate and NA is
Avogadro’s number. Combining Eqs (1)–(3), we have the fol-
lowing equation for the rate of aging by condensation:

1

xi

dxi

dt
= − Qcond,i

πd2
p,i

(
MSO4 ρ2

SO4
NA

)1/3 . (4)

The above-shown formulation is based on the assumption that
all BC particles are spherical. In reality, however, BC particles
are often aggregates that have larger surface area than spherical
counterparts with the same volume. Thus, it must be kept in mind
that eq. (4) may overestimate the rate of aging due to condensa-
tion. If the aggregate structure is destroyed due to restructuring
during aging, the error may not be very large.

Aging by coagulation is taken into account similarly, but with
a different criterion for the completion of aging. During coagu-
lation, an externally mixed BC particle is not ‘coated’ by soluble
species but instead collides with other particles that contain sol-
uble species. Thus, an externally mixed particle is assumed to be
aged by coagulation when it acquires soluble material (sulphate,
nitrate, ammonium and sea-salt) of more than 5% of its mass fol-
lowing the approach of Jacobson (2001). The 5% mass criterion
is equivalent to the single-layer sulphate criterion for a 36-nm
spherical BC particle. For a larger particle, 5% mass is greater
than the mass of single-layer sulphate, while the opposite is the
case for a smaller particle. When an externally mixed particle
collides with an internally mixed particle whose soluble mass is
greater than 5% of the insoluble mass of the resulting particle,
it is converted into an internally mixed particle. If the internally
mixed particle that collides with the externally mixed particle is
so small that its soluble mass is less than 5% of the insoluble
mass of resulting particle, the rate of aging by coagulation can
be expressed, similarly to the case of aging by condensation,
as

1

xi

dxi

dt
= −Qcoag,i

Si

, (5)

where Qcoag,i is the mass flow rate of soluble material onto a
single externally mixed BC particle in section i by coagulation
(kg s−1) and Si is the threshold mass of soluble material required

to age that particle (kg), that is, 5% of the resulting particle mass.
Qcoag,i can be computed from the expression

Qcoag,i =
∑

k

βikNint,kmsol,k =
∑

k

βikxsol,kρa, (6)

where βik is the coagulation kernel between an externally mixed
BC particle in section i and an internally mixed particle in section
k (m3s−1), Nint,k is the number concentration of internally mixed
particles in section k (m−3), msol,k is the mass of soluble material
in a single internally-mixed particle in section k (kg), xsol,k is the
mass fraction of soluble particulate species in section k and ρa

is the air density (kg m−3).
The amount of BC particles converted from externally mixed

state to internally mixed state during a time step can now be
obtained by integrating Eqs (4) and (5) assuming that the right-
hand-side term is constant.

3. Results and discussion

The results of 1-month AURAMS simulations for April 2002
for each of the EXTMIX, AGING and INTMIX model versions
are presented in this section. Each simulation covers the 29-day
period from 0600 UTC, 1 April to 0600 UTC, 30 April 2002.
GEM was run in 30-h segments beginning at 0000 UTC on each
day and starting from objectively analysed fields produced by
the Canadian Meteorological Centre of EC. The first 6 h of each
GEM simulation were treated as spin-up time and only fields for
the remaining 24 h were supplied to the AURAMS CTM. The
first two days of the AURAMS CTM run were treated as a spin-
up period to allow emissions and atmospheric concentrations to
approach equilibrium.

As discussed in the Introduction, the direct consequence of BC
aging is the change in particle mixing state, which has a number
of implications on meteorology, AQ and climate. In this section,
the impacts of BC aging processes and mixing-state changes on
CCN activity, BC wet deposition, BC mass column loading and
ground-level concentration of BC particles, predicted by model
simulations are presented and discussed.

The average horizontal wind vector field at 1 km AGL pre-
dicted by GEM during the simulation period is shown in Fig.
1a. Westerly winds were generally dominant over the whole
North American continent, which is a characteristic of the spring
season.

3.1. Impact of BC aging on surface BC concentration
predictions

In order to evaluate the model predictions of BC and to see
how much the model prediction is affected by the incorpo-
ration of BC aging processes, the concentration of BC con-
tained in ground-level PM2.5 (BC2.5 hereafter) predicted by
the INTMIX and AGING model versions were compared to
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Table 1. Performance statistics of BC2.5 predicted by INTMIX and
AGING model versions. M and O represent modelled and observed
values, respectively.

1940Total number
of data records INTMIX AGING

Mean fractional bias
(
= 1

N

∑N
i=1

Mi−Oi
(Mi+Oi )/2

)
−0.10 −0.093

Mean fractional error
(
= 1

N

∑N
i=1

|Mi−Oi |
(Mi+Oi )/2

)
0.11 0.099

Agreement index

(
= 1 −

∑N
i=1 (Mi−Oi )2∑N

i=1 (|Mi−Ō|+|Oi−Ō|)2

)
0.68 0.69

available observations. All of the observation data for surface BC
aerosol concentrations used for model evaluation in this section
were obtained from the EC National Atmospheric Chem-
istry (NAtChem) database (http://www.msc.ec.gc.ca/natchem).
Among its data-contributing agencies/organizations, the U.S.
Interagency Monitoring of Protected Visual Environments
(IMPROVE) PM2.5 speciation network and the U.S. Environ-
mental Protection Agency (EPA) Air Quality System (AQS)
Speciated Trends Network (STN) provide daily BC2.5 concen-
trations obtained from 1-in-3 day 24-h sampling (Malm et al.,
1994; Chu, 2004; Gego et al., 2005; Phillips and Finkelstein,
2006). The locations of the measurement stations of these two
networks are shown in Fig. 1b. Different methods are used for
determining BC2.5 concentrations by the two networks: ther-
mal/optical transmittance (TOT) by STN and thermal/optical
reflectance (TOR) by IMPROVE. It was reported that TOT gen-
erally yields less BC amount by 30% than TOR with the same
temperature protocol (Chow et al., 2004).

Figure 2a compares daily BC2.5 (μg m−3) concentrations pre-
dicted by the INTMIX model version with daily IMPROVE and
STN network observations for April 2002. 130 IMPROVE sta-
tions and 147 STN stations reported valid measurements during
this period. On average, INTMIX significantly underestimated
the ground-level BC concentrations. With aging incorporated
into the model (Fig. 2b), the comparison with observations was
slightly improved: the linear regression slope changed from 0.32
to 0.35. Table 1 shows another performance statistic, the agree-
ment index, of the two model versions. Considering disparate
values over a span of about three orders of magnitude, the log-
arithms of BC2.5 values were used here. Although the differ-
ences are not very large, AGING model version showed smaller
bias and error and larger agreement index than INTMIX model
version. In order to see if this difference is statistically signifi-
cant, Z test (Devore, 1982) was performed. INTMIX-predicted
BC2.5/observed BC2.5 was taken as one sample and AGING-
predicted BC2.5/observed BC2.5 was taken as the other. The Z
value was 1.87, smaller than the criterion value of 1.96, indicat-
ing that the difference between the two samples is not statistically
significant. Figure 2c shows an intermodel comparison between

Fig. 2. Model-measurement and inter-model comparisons of BC2.5

(μg m−3): (a) INTMIX scenario versus measurements; (b) AGING
scenario versus measurements and (c) AGING versus INTMIX.
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Fig. 3. Concentration of surface BC2.5 (μg m−3) predicted by
INTMIX scenario.

the two scenarios. It can be seen that BC2.5 concentrations pre-
dicted by AGING were quite often lower than those predicted
by INTMIX, especially in regions where BC2.5 concentration is

high. This was not expected because internally mixed BC par-
ticles can be removed from the atmosphere by wet deposition
more easily than externally mixed ones as will be discussed in
Section 3.2. The reason for this seemingly contradictory result
is discussed below.

Figure 3 shows the mean monthly BC2.5 ground-level con-
centration field (μg m−3) predicted by the original version
(INTMIX). BC emissions are associated with combustion pro-
cesses, including stationary and mobile anthropogenic sources
and biomass burning. As already noted, BC emissions from wild-
fires and prescribed burning were not included in the AURAMS
CTM emission files. As a consequence the spatial distribution
of BC2.5 ground-level concentration broadly reflects the North
American population distribution as well as the presence of ma-
jor transportation corridors, and a west-to-east gradient in BC2.5

ground-level concentration is evident.
Figure 4 shows the ratios between the model predictions for

BC2.5. Fig. 4a shows the ratio of the EXTMIX prediction over
the AGING prediction, whereas Fig. 4b shows the ratio of the
INTMIX prediction over the AGING prediction. Interestingly,
although the inclusion of BC aging processes led to reductions
in BC2.5 in many regions as was expected, BC2.5 concentrations
increased in some other regions. The EXTMIX and INTMIX

Fig. 4. Ratio of BC2.5 monthly
concentration (μg m−3) predicted by
different scenarios: (a) EXTMIX versus
AGING and (b) INTMIX versus AGING.
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Fig. 5. Comparison of (a) difference in
predicted BC2.5 for the INTMIX and
AGING scenarios to (b) the net BC surface
flux for the INTMIX scenario.

model versions seem generally to predict higher and lower BC2.5,
respectively, compared to the more realistic AGING model ver-
sion. This overall trend might be expected; EXTMIX preserving
the BC2.5 for longer periods due to the lack of coagulation and
condensation losses, and the INTMIX failing to preserve the
unique identity of fresh aerosols, promoting faster growth to
larger particle sizes and subsequent losses by settling and de-
position. However, at certain locations, this trend was reversed.
For example, in Florida, the EXTMIX model version predicted
lower BC2.5 than AGING, whereas the INTMIX model version
predicted higher BC2.5 than AGING.

To find out a reason for these seemingly contradictory results,
in Fig. 5, the difference in mean monthly ground-level BC2.5 con-
centration predicted by the INTMIX and AGING model versions
is compared to the net BC surface flux for the INTMIX model
version, which was obtained by subtracting the sum of BC wet

and dry deposition from BC emission flux. We can see that many
of the dark red spots in these two plots coincide with each other,
which indicates that the INTMIX model version predicts con-
siderably higher BC2.5 than the AGING model version at strong
emission source areas of BC and other species. In these areas,
freshly emitted BC particles exist at relatively lower altitudes,
so the aging effect on their in-cloud wet removal rate would not
be too high. Aging processes will increase the size of particles;
depending on their non-aged original sizes, this could either in-
crease or decrease their deposition velocities near the surface.
This in turn may lead to higher or lower concentrations close
to the surface. Figure 6 was prepared to examine these results
further. It shows the vertical distribution of time-averaged BC
concentration at a near-source region, Savannah, GA (−81.14,
32.09). At higher elevations above the surface, the INTMIX
BC2.5 concentration was the lowest of the three simulations

Tellus 63B (2011), 5



EFFECTS OF BLACK CARBON AGING ON AIR 1033

Fig. 6. Vertical distribution of time-averaged BC concentration at a
near source region, Savannah, GA (32.09◦N, 81.14◦W).

because of enhanced in-cloud wet removal rate. On the other
hand, near the surface, the INTMIX BC2.5 concentration was
the highest because of increased shift towards lower removal.
EXTMIX will tend to have more particles in the smaller sizes (in-
creasing deposition; to the left of the accumulation mode peak).
INTMIX will tend to cause the particles to reach the accumu-
lation mode peak (i.e. the surface deposition minimum) most
efficiently of the three simulations, hence has the highest mass
just above the surface. AGING, with some un-aged BC retained
while also having some aging processes active, lies between the
other two simulations. A few more near-source locations were
examined and a similar trend was observed.

3.2. Impacts of BC aging on CCN number

Externally mixed BC particles are hydrophobic and hence are
not influenced by aerosol-cloud interaction. Changes in the mix-
ing state of BC particles due to aging processes, however, enable
them to participate in the CCN activation process (Pierce et al.,
2007). One can refer to Gong et al. (2003) for the aerosol acti-
vation scheme employed in AURAMS. Figure 7 compares the
average CCN-number column loading (m−2) predicted for the
three different mixing-state scenarios. It is evident that relative to
the EXTMIX scenario, CCN number is increased significantly
by aging processes and that the internal-mixture assumption
(INTMIX) leads to a considerably larger estimation of the CCN
concentration than the AGING scenario.

Aged particles that activate as cloud nuclei can be removed
by in-cloud wet removal processes, which is not the case for
fresh, externally mixed hydrophobic particles. The accumulated
BC wet deposition (kg) over the whole model domain pre-
dicted for the three different scenarios are compared in Table
2. Time-averaged CCN number and BC mass burdens (i.e. total

Fig. 7. CCN column loading (1012 m−2) predicted by three scenarios:
(a) EXTMIX; (b) AGING and (c) INTMIX.
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Table 2. Accumulated wet deposition and time-averaged CCN
number and BC mass burdens over the whole model domain predicted
by three different scenarios for April 2002. Relative fractions of the
EXTMIX and INTMIX scenarios versus 1 for the AGING scenario are
shown in parenthesis

EXTMIX AGING INTMIX

Time-averaged
CCN number
burden

3.1 × 1025 (0.96) 3.3 × 1025 3.5 × 1025 (1.08)

Accumulated wet
deposition (kg)

2.2 × 107 (0.86) 2.5 × 107 2.9 × 107 (1.13)

Time-averaged
BC mass
burden (Gg)

5.2 (1.17) 4.5 3.5 (0.78)

atmospheric CCN number and BC mass) over the whole model
domain are shown together in this table. Relative fractions of
the EXTMIX and INTMIX scenarios versus 1 for the AGING
scenario are also shown for each of these three quantities. Similar
to CCN burden, the amount of wet deposition increased due to
aging for the AGING scenario (by 14%) but was less than for
the INTMIX scenario (by 13%).

CCN activation and consequent in-cloud removal of BC par-
ticles due to aging may reduce their atmospheric lifetime sig-
nificantly. Figure 8 compares the BC mass column loading pre-
dicted for the three different scenarios. BC mass column loading
is shown to decrease as a result of aging as was expected. The
fraction of internally mixed (aged) BC in the total BC mass col-
umn loading of the AGING scenario is shown in Fig. 9. It can be
seen that BC particles over the continent are mainly externally
mixed. Only over two downwind locations (see the wind field
shown in Fig. 1) over the ocean, one at the southwestern corner
of the model domain west of Baja California and the other over
the Atlantic Ocean east of the high-SO2-emissions Ohio Valley
region, the amount of internally mixed BC was comparable to the
amount of externally mixed BC. The low fraction of internally
mixed BC over the continent and higher fraction over the oceans
downwind predicted by our model is consistent with available
observations. For example, Hasegawa and Ohta (2002) inves-
tigated the mixing state of soot-containing particles in Japan
and reported that the number fractions of internally mixed soot
particles were 19–72% and 56% at two remote areas, whereas
only 5–7% were observed to be internally mixed in an urban
area. In an industrialized region in France, most BC was found
to be externally mixed (Mallet et al., 2004). It should be noted,
however, that much higher fraction of internally mixed BC has
been reported in the literature for certain remote areas. Posfai
et al. (1999) observed that more than 93% of BC-containing
particles contained sulphate over the North Atlantic. It was also
reported that 85% of BC in accumulation mode was internally
mixed in Asian outflow (Clarke et al., 2004). The extremely

Fig. 8. BC mass column loading (mg m−2) predicted by three
scenarios: (a) EXTMIX; (b) AGING and (c) INTMIX.
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Fig. 9. Fraction of internally mixed BC in total BC mass column
loading for the AGING scenario.

high fraction of internally mixed BC in these two regions seems
to stem from their particular location. The particles over North
Atlantic had been transported much farther from their source
region and hence had more opportunities to be aged than the
particles over any area included in the current spatial domain.
Particles entrained in Asian outflow may had been affected by
very high sulphate concentration leading to rapid aging due to
the active industrial development in East Asia region. Moffet
and Prather (2009) reported that the aging time scale of BC was
very short, about 3 h, in urban areas. That result agrees with the
computation of this study: the aging time scale of BC is shown to
be less than 10 h in several urban areas within the spatial domain
of this study (Fig. 10a). Except over these particular urban areas,
located mostly in eastern North America, the aging time scale
is shown to be much higher explaining a reason of relatively
low fraction of internally mixed BC predicted in this study. It
should also be noted that the neglect of the role of secondary
organic species via both coagulation and condensation may have
contributed partially to somewhat lower fraction of internally
mixed BC in this study. Our results here suggest that the time
scale to reach significant levels of internal mixing may be large
enough that external mixing may be the norm over continental
areas.

3.3. Implications for climate forcing

Although this study was aimed mainly at investigating the influ-
ence of BC aging on North American AQ, it is worth discussing
the climate impacts of BC aging based on the information ob-
tained in this study.

The direct radiative forcing (DRF) of BC in the spatial and
temporal domain of this study can be estimated roughly from
the average BC burden. Chylek and Wong (1995) derived the

Fig. 10. Time scales of aging (h) by (a) sulphate condensation and
(b) coagulation for the AGING scenario.

following equation from the radiation transfer equation:

DRF = S0

4
T 2

atm(1 − Fc)
{
4aδab − 2(1 − a)2βδsc

}
, (7)

where S0 is the solar irradiance, Tatm is the atmospheric trans-
mission, Fc is the cloud fraction, a is the surface albedo, δab is
the absorption optical depth, β is the back-scattering fraction
and δsc is the scattering optical depth. The optical depths can be
obtained by

δ =
NL∑
n=1

cnσn�Hn, (8)

where NL is the number of vertical layers, cn is the BC mass
concentration at the nth vertical layer, σn is the specific cross-
section and �Hn is the thickness of the nth vertical layer.

The input parameters required in Eqs. (7) and (8) were sug-
gested by Bond and Bergstrom (2006) as follows:
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Table 3. Land-cover categories used in AURAMS and corresponding
surface albedo.

Category Description Surface albedo

1 Evergreen needleleaf trees 0.12
2 Evergreen broadleaf trees 0.12
3 Deciduous needleleaf trees 0.14
4 Deciduous broadleaf trees 0.16
5 Mixed broadleaf and needleleaf trees 0.13
6 Grass 0.19
7 Crops, mixed farming 0.18
8 Desert 0.25
9 Tundra 0.15
10 Shrubs and interrupted woodlands 0.22
11 Wet land with plants 0.14
12 Ice cap and glacier 0.55
13 Inland water 0.08
14 Ocean 0.08
15 Urban 0.15

Specific absorption cross-section basically depends on particle
size, but is almost constant for spherical particles less than
about 100 nm. For aggregate particles, the total absorption is
assumed to be the sum of absorption by each primary par-
ticle. In many circumstances, BC particles are aggregates of
primary particles smaller than 100 nm. Therefore, a constant
value of 7500 ± 1.2 m2 kg−1 can be used.

Mixing state effect factor is the enhancement of absorption by
the change in mixing state from external mixture to internal
mixture due to aging. This factor was estimated to be two
by global simulations of Jacobson (2000) and (2001). Bond
et al. (2006) suggested a lower value of about 1.5 taking into
account the effect of destruction of the aggregate structure
due to aging. In the DRF calculations shown below, both 1.5
and 2 are used and the results are compared.

Single scattering albedo is assumed to be 0.25 ± 0.05 for fresh
BC aerosols, which translates into Specific scattering cross-
section of 2500 m2 kg−1.

Back-scattering fraction is assumed to be 0.17 ± 0.01.

The cloud cover was assumed to be 0.6 and the surface albedo
was decided according to the dominant land-cover category of
each surface grid as shown in Table 3.

In this study, the average BC DRF over the spatial domain
used was computed using Eqs. (7) and (8) separately for three
scenarios: EXTMIX; AGING and INTMIX. The total BC bur-
dens for three scenarios were 5.2, 4.5 and 3.5 Gg, respectively,
as was shown in Table 2. The average percentage of internally
mixed BC in AGING scenario was 24%. This is much lower
than the global average reported by Jacobson (2001), which in-
dicates that the spherical-particle assumption did not impose a
very adverse influence on the simulation results, but agrees with

observations taken over continental source regions as discussed
above.

The average DRF calculated for EXTMIX, AGING and
INTMIX were 0.064, 0.069 and 0.092 W m−2, respectively when
the mixing state effect factor was set at two. The assumption of
an internal mixture, which is used in the current version of
AURAMS, would thus lead to a 32% higher estimate on average
of BC DRF over North America, relative to the AGING case.
This result gives an insight for possible bias for the estimation
of BC DRF by global modelling. Due to the computational cost,
some global climate models with detailed aerosol dynamics as-
sumes the internal mixing state of aerosol particles (e.g. Pierce et
al. (2007) and Spracklen et al. (2006)), which may lead to overes-
timation of BC DRF as the current AURAMS version (INTMIX)
did. Gradual aging due to aerosol dynamics processes needs to
be adapted in global models for more accurate estimation of BC
DRF, which has never been done yet.

The ratio of direct forcing of an internal mixture over that
of an external mixture is 1.43, which is much smaller than 2,
the mixing state effect factor. This ratio stems mainly from the
differences between the following properties of BC particles in
the two scenarios: absorbance depending on mixing state, wet
deposition rate depending on hygroscopicity and dry deposition
rate depending on size distribution. When we compared the
rates of wet and dry depositions, the rate of dry deposition was
much smaller than that of wet deposition for the spatial and
temporal domain simulated in this study. Moreover, the change
in dry deposition rate due to coagulation that alters particle
size distribution is only a small part of total dry deposition
rate. This indicates that the change in dry deposition rate due
to aging was not significant in this study and that the above-
mentioned ratio of 1.43 can be regarded as a combined result
of the mixing state effect and enhanced wet removal only. If
only aging is considered without accounting for increase in wet
removal, and hence decreased BC burden, the factor will be the
same as the mixing state effect factor, by definition. Therefore,
one can conclude that the effect of increased wet deposition of
BC due to aging partially compensated for the effect of increased
absorbance.

Another impact of enhanced absorption due to aging is cor-
responding reduction of scattering. It is not easy to quantify,
however, how large reduction in scattering would be resulted
due to enhanced absorption. Therefore, a simple sensitivity test
with a change in scattering cross-section is provided here. When
the specific scattering cross-section was set at 2000 m2 kg−1

instead of 2500 m2 kg−1 for AGING scenario, the average
DRF was calculated to be 0.071 W m−2, with an increase of
0.002 W m−2.

Another set of simulations were carried out with the mix-
ing state effect factor set at 1.5. The average DRF calculated
for EXTMIX, AGING and INTMIX were 0.064, 0.063 and
0.069 W m−2, respectively. The ratio of direct forcing of an
internal mixture over that of an external mixture is even smaller,
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1.07, which indicates that the effect of increased absorbance due
to aging has been almost completely compensated by the effects
of increased wet deposition and loss of aggregate structure. If
the aggregate structure is partially destroyed due to aging, the
reality would exist between the above two cases, that is, the mix-
ing state effect factors of 2 and 1.5. The results of the present
simulations suggest that the overall effect of aging on BC direct
radiative forcing may be much less significant than is implied
by the mixing state effect factor.

The increase of CCN concentration due to BC aging imposes
additional climate impacts of BC via the indirect effect due to
the changes in the cloud amount and albedo, which adds a neg-
ative forcing. The semidirect effect due to heating in the clouds,
resulting in a positive forcing, is also important. BC existing be-
tween or within cloud drops absorbs sunlight warming the cloud,
reducing the cloud amount and enhancing stability (Hansen
et al., 1997; Ackerman et al., 2000; Jacobson, 2006, 2010). This
effect is of particular importance when BC particles in cloud
are treated as aggregates consisting of polydisperse spherical
primaries rather than just a single large core (Jacobson, 2006). It
is not possible to quantify the indirect and semidirect effects of
a single atmospheric component because all those effects of all
components are linked together, so that one cannot change only
one component while keeping the others constant. Nevertheless,
Jacobson (2002) tried to obtain a qualitative physical insight
into the indirect and semidirect effects of BC using a global
simulation study. Under the internal-mixture (with a BC core)
assumption, he found that the cloud-scattering optical depth in-
creased and the average cloud size decreased due to emissions of
BC, which indicated that the net indirect and semidirect effects
of BC were negative. When these effects are also included, the
ratio of climate forcing of internal mixture over that of external
mixture will be even less than the values obtained in this study.
The result of this study indicates that changes in the hygroscopic
properties of BC due to aging and correspondingly the BC total
burden must be taken into account to quantify the impacts of BC
aging on climate.

In this study, the direct radiative forcing of BC particles and
the effect of aging on it were calculated using a simple parame-
terization for direct forcing which may give results different from
a spectral radiative transfer code used in 3-D models. Therefore,
the readers should be careful when comparing the results of this
study with results from 3-D models. It must also be pointed out
that there are other processes not taken into account in the pa-
rameterization that affect climate forcing of BC particles. More
precise quantification is possible only by thorough modelling
accounting for all those processes, which is beyond the scope of
this study.

In climate modelling, the BC aging process is often not solved
in detail but is parameterized using an aging time scale to reduce
the computing time. The rate of aging can be represented by a
characteristic aging time scale. Eqs. (1) and (5) can each be

written in the form

dxi

dt
= −Qi

Si

· xi = −xi

τi

, (9)

where τi (= Si/Qi) is the characteristic aging time scale for size
section i at a given grid cell. The column-averaged characteristic
time scale of aging for all BC particles over the whole simulation
time period can then be computed by the expression

τ̄ =

∫
z

∫
t

∑
i

xidtdz

∫
z

∫
t

∑
i

xi

τi
dtdz

, (10)

where z is the vertical coordinate variable.
Figure 10 shows the column-averaged characteristic aging

time scale for condensation and for coagulation obtained from
the 1-month simulation for April 2002 using the AGING model
version. The aging of BC seems to be dominated by condensation
except over the sea, where the coagulation with sea-salt parti-
cles is more important. As expected, the spatial variation of the
characteristic aging time scale for condensation is closely linked
to the spatial distribution of particle sulphate (not shown).

4. Conclusions

In this study, the effect of aging on the distribution of BC over
North America was investigated using the AURAMS regional
AQ model. Over the domain studied here, BC aging was dom-
inated by sulphate condensation except over the ocean. CCN
number was shown to be increased significantly by aging pro-
cesses and the internal-mixture assumption led to a considerable
overestimation of the CCN number concentration. Accordingly,
the amount of BC wet deposition increased and BC mass col-
umn loading decreased as a result of aging. The ground level
BC concentration in PM2.5, however, was predicted to increase
due to aging near BC source regions, where the aging effect is
not too high. The vertical distribution of BC suggested that this
result can be attributed to changes in the particle size, hence
removal rate, due to aging. With the gradual aging process in-
corporated into the model, the comparison with ground-level BC
concentration observations from the 1-month simulation period
(April 2002) was slightly improved although the difference was
not statistically significant.

Based on the simulation results, for the three BC mixing-
state assumptions of external mixture, gradual aging and inter-
nal mixture, the domain-average BC direct radiative forcing was
estimated to be 0.064, 0.069 and 0.092 W m−2, respectively,
when the mixing state effect factor was set at two. The ratio
of direct forcing of an internal mixture over that of an exter-
nal mixture predicted in this study was much smaller than the
mixing state effect factor. The effect of increased wet deposition
and hence decreased burden of BC due to aging compensated,
at least partially, for the effect of increased absorbance. If the
destruction of aggregate structure by aging is accounted for, the
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BC absorption enhancement can drop further, which suggests
that the overall effect of aging on BC direct radiative forcing
may be much less significant than is implied by the mixing state
effect factor. Therefore, the changes in the hygroscopicity of BC
due to aging and the accompanying change in total BC burden
must be taken into account to quantify the impact of BC aging
on climate accurately.

Our analysis is subject to a few limitations worthy of men-
tion; specifically the use of a single monolayer of sulphate as
a criterion for condensational aging, and the use of 5% as a
similar cutoff to define aging through coagulation. While these
criteria are of necessity simple, they are not wholly arbitrary.
The monolayer criterion stems from the simple understanding
that to the outside world, the coated particle at that point appears
to be entirely sulphate. Similarly, the 5% mass criterion for sol-
uble material for coagulation is made under the assumption that
amount should be sufficient to coat the coagulated, ‘new’ particle
with a layer of soluble material. We note that their use has im-
proved the model’s ability to simulate BC, and that modification
of these limits under controlled conditions in future simulations
may result in further improvements to the simulation results.
It should also be noted that the direct radiative forcing results
of this study were obtained with a simplified parameterization,
which may give results different from a spectral radiative trans-
fer code used in 3-D models. Therefore, the readers should be
careful when comparing the results of this study with results
from 3-D models.
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